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Study of Mean- and Turbulent- Velocity
Fields In A Large-Scale Turbine-Vane Passage

by

Douglas A. Bailey

SUMMARY

An experimental investigation was conducted on the mean- and turbulent-
velocity fields in a large-scale turbine inlet-guide-~vane passage. The
experiment was performed in a 210-mm pitch, 272-mm axial chord model in the
United Technologies Research Center (UTRC) Low-Speed Wind Tunnel at an inlet
Mach number of 0.07. The Reynolds number, based on the axial chord and the
inlet velocity, matched seal-level, take-off conditions for modern gas-~turbine
engines. Laser-doppler velocimetry, and to a lesser extent hot-wire anemom-
etry, was employed to measure three components of the mean velocity and the
six turbulent stresses at four planes within the passage. One variation in
the turbulent inlet boundary-layer thickness and one variation in the blade
aspect ratio (span/axial chord) were studied. A longitudinal vortex (passage
vortex) was clearly identified in the exit plane of the passage for the three
test cases.

The maximum turbulence intensities within the longitudinal vortex were
found to be on the order of 2 to 4 percent, with large regions appearing non-
turbulent. Since a turbulent wall boundary layer was the source of vorticity
that produced the passage vortex, these low turbulence levels were not antici-
pated.

For the three test cases studied, the lateral velocity field extended
significantly beyond the region of the longitudinal velocity defect. Changing
the inlet boundary-layer thickness produced a difference in the location, the
strength and the extent of the passage vortex. Changing the aspect ratio
of the blade passage had a measurable but less significant effect.



INTRODUCTION

It has been recognized for some time that an important portion of turbine
loss and heat transfer is associated with the passage secondary flow in the
endwall region. This secondary flow is related to the curvature of the
inviscid streamlines, which produces a lateral pressure gradient. In response
to this pressure gradient, the low-momentum flow in the endwall boundary
layer develops a lateral velocity component, which convects low-momentum
fluid toward the convex surface of the passage, developing a three-dimensional
separation line from an upstream position on the concave surface to a down-
stream position on the convex surface. The flow upstream of this separation
line is a three-dimensional boundary layer; however, downstream of the
separation line the boundary-layer assumptions are no longer valid because
of the large velocities normal to the endwall. This is especially so near
the convex surface, where a longitudinal vortex develops. This vortex has
a significant influence on the flow in that region, since it convects high-
momentum freestream fluid to the near-wall region, thereby increasing
viscous losses and heat transfer.

Since endwall losses are significant to overall gas turbine performance
(ref. 1) efforts have been underway to understand these flows, to predict
their behavior, and to eventually minimize passage losses through optimally-
designed passage contours. A number of these investigations of three-
dimensional flows have provided some elucidation of the features of the flow.
Rohlik and others (ref. 2) measured a concentration of passage losses near
the suction surface-endwall junction. Herzig and others (ref. 3) used smoke
traces to visualize the cross-passage flow, and also observed the roll-up of
the flow near the suction surface and the formation of a passage vortex. An
indirect measure of the influence of the vortex has been provided by Blair
(ref. 4), who observed high heat-transfer rates on a passage endwall near
the suction surface. Pressure-loss measurements within a passage were recently
obtained by Sjolander (ref. 5) and a detailed picture of the passage vortex
has been provided by Langston, Nice and Hooper (ref. 6). The development of
the passage vortex, as well as the total pressure defect within the vortex,
was well documented in both of these experiments. Aside from these funda-
mental studies, many tests have been conducted on cascades where only the
inlet and exit conditions were measured and the losses determined for the
specific test case. Examples of these tests are mentioned by Dunham (ref. 7)
and Ainley (ref. 1).

In addition to the experimental effort, there have also been several
analytical studies of this phenomenon. The original analytical efforts
were directed toward laminar passage flow, even though the flow in a turbine
passage is turbulent. This direction proved fruitful, since, as Hansen and
Herzig (ref. 8) concluded after comparing turbulent and laminar flows, the



turbulent effects are not qualitatively dominant in curved channel flows.
Upstream of the separation line, the flow is a three~dimensional boundary
layer and several analytical solutions exist for flow in this region. Sowerby
(ref. 9) and Loos (ref. 10) obtained similarity solutions for parabolic
streamlines; Mager and Hansen (ref. 11) for circular streamlines. For
general streamlines through a thin-blade turbine-type passage, Hansen and
Herzig (ref. 8) obtained excellent agreement between a series solution and
their experimental results. In addition, they noted a stronger cross flow
for thicker inlet boundary layers. Except for the region of the passage
vortex, this type of solution is rather complete for laminar endwall flow
through a lightly loaded thin-blade passage. Although laminar boundary-layer
theory has provided insight into the nature of flows through an idealized
passage, it is not applicable to the important region of the passage vortex.

Another method of considering the generation of secondary flow in
curved channels has been extensively developed by Hawthorne (ref. 12). He
neglected viscous effects within the curved section of the channel and con-
sidered the convection of vortex lines in the channel. Many analytical and
experimental investigations have been conducted on inviscid secondary flows,
and these are summarized by Hawthorne (ref. 13). However, those methods
require the secondary flow to be a small perturbation on the longitudinal
velocity (this is not the case for thin endwall boundary layers) and they
give no information about viscous losses. Recently, Denton (ref. 14 and
15) and Stuart and Hetherington (ref. 16) have developed computational pro-
cedures for predicting three-dimensional, inviscid flows. These methods are
used to estimate the exit flow angles from compressor and turbine stages.
This is a valuable tool for the design of the next stage; however, their
applicability to endwall boundary layers has not been established, since
inviscid solutions will not predict local skin-friction and heat-transfer
rates. Therefore, to attack the important questions of loss and heat transfer,
computational procedures for predicting three-dimensional, viscous flows
have been initiated.

Computational procedures have been developed for the prediction of
viscous secondary flows by Briley (ref. 17), Patankar and Spalding (ref. 18)
and Ghia and others (ref. 19). 1In fact, both Dodge (ref. 20) and Briley
(ref. 21) have attempted to solve the endwall flow through a typical turbine
vane. The evaluation of these studies has been limited, however, due to the
lack of data for turbine endwall flows. This is especially so for the
turbulence within a developing passage vortex.

The goals of this experimental program were, therefore, two-fold.
The primary goal was the acquisition of precise mean-velocity measurements
of the secondary flow through a turbine-vane passage. These results could
be used in the evaluation of analytical and computational procedures,
which have or may be developed for the prediction of such secondary flows.



The other goal of this program was documentation of the turbulence of the
flow, as it developed into a passage vortex, in sufficient detail so that
turbulence models could be evaluated.

The experimental approach used to satisfy the above goals was to simulate
a turbine-passage flow in a large-scale test section, thus permitting high
spatial resolution for velocity measurements. An additional feature of the
test section was the suppression of the horseshoe vortex, which, therefore,
resulted in an isolated passage vortex. Within the test section, mean
velocities and turbulent stresses were measured, documenting the development
of a passage vortex from a turbulent inlet boundary layer. Most of the
measurements were obtained with a laser-Doppler velocimeter, thus eliminating
the uncertainty associated with intrusive sensors. Three different test
conditions, consisting of variations in inlet boundary-layer thickness and
test-section aspect ratio (span/axial chord), were studied.

The results showed that the maximum turbulence level within the passage
vortex was low in comparison with maximum levels obtained in turbulent
boundary layers. Some regions of the vortex were non-turbulent. When the
thickness of the inlet boundary layer was varied, the size and location of
the passage vortex was significantly altered. Changing the test-section span
had a measurable, but less significant, effect on the passage vortex.



DESCRIPTION OF THE EXPERIMENT

Wind Tunnel

The experiment was conducted in a low-speed, general-purpose wind tunnel.
The tunnel, as illustrated in figure 1, consisted of a fan, a large area
straight duct (which included a honeycomb section and four damping screens),
a contraction, a test-section approach duct, a test section, a diffuser and
recirculating lines. The twelve-bladed centrifugal fan, operating at 1770
RPM, produced a static pressure increase of 2300 pascals (230 mm of HZO) at
a flow rate of 280 m3/min. The fan was equipped with adjustable inlet guide
vanes (vortex valve) which allowed steady, stall-free operation, as well as
fine adjustment of the tunnel speed.

The fan discharged into the straight duct with jet flow; no effort was
made to diffuse the flow. Although this is unconventional, the resulting
flow is steady and avoids the instability that is associated with transitional
stall in a diffuser. The alternative, a completely unstalled diffuser, would
have been prohibitively long (ref. 22) for the required area ratio of 2.45.
When the fan is of such capacity that the exit-flow dynamic head does not
have to be recovered, this method is advantageous for obtaining steady flow.
The small-scale turbulence from the fan-exit jet quickly decays in the honey-
comb and damping screens, whereas transitional stall in a diffuser could
produce large-scale oscillations which would not be attenuated by the
screens.

The straight section was 1.83 m long, 0.71 m high and 0.56 m wide; it
contained the honeycomb section and the damping screens. The honeycomb
had hexagonal cells 140 mm long and 6.35 mm in diameter (flat surface to
flat surface) and was located 0.33 m from the fan. The screens were made
of 0.46 mm wire, with 2.1 mm wire spacings, which resulted in a near optimum
(ref. 23) open area ratio of 60.8 percent. At a local velocity of 8 m/s
the pressure-loss coefficient (K = Ap/1/2pU2) for the four screens was
measured at 4.3 and calculated at 3.9 (ref. 24). The screens were located
1.17, 1.42, 1.70 and 1.83 m from the fan.

Schubauer and others (ref. 23) have shown that damping screens have a
greater attenuation of turbulence when the flow past the wires is laminar,
rather than turbulent. This transition occurs at wire-diameter Reynolds
numbers between 40 and 60. For low Reynolds-number flow past wires there
is the additional advantage that the wire wakes remain laminar and, there-
fore, do not produce additional turbulence. High turbulence levels exist
immediately downstream of damping screens when the flow past the wires is
unstable. However, the turbulence produced by damping screens has a small
length scale, of the order of the wire spacings, which rapidly decays to



turbulence levels near one percent. After one-percent turbulence levels are
reached, the decay rate drastically decreases. However, a disadvantage of
fine-wire laminar screens is that dust collecting on the wires will produce
adverse effects, i.e., flow distortion. The finer the wire the more signifi-
cant this effect. After considering the above mentioned behavior of damping
screens, coarse-grid turbulent screens were selected to minimize the dust
effects, realizing that the turbulence levels upstream of the contraction
would be near one percent. The principal reason for this decision was that
artificial seeding was to be used for the laser-Doppler velocimeter, and

the seeding particles would be injected upstream of the screens to minimize
the influence the injection would have on the uniformity of the test-section
flow. In fact, to eliminate that adverse influence, the seeding particles
were injected upstream of the honeycomb with the seeding jet normal to the

wind-tunnel wall.

The contraction nozzle was 1.22 m long, with an exit height and width
of 210 and 508 mm, respectively. The contraction ratio was 3.7 and the ratio
of the length to exit height was 5.81, a gradual contraction. The curved
surfaces of the contraction were cubic surfaces, which permitted a long
radius of curvature at the regions of tangency with the inlet and exit sur-
faces. This minimized the adverse pressure gradients and insured a well-
behaved boundary-layer flow. As a check on the design, tufts of yarn were
used to visualize the exit flow and assured that no unsteadiness existed,
as might be associated with local separation of the boundary layer.

The test-section approach duct connected the contraction exit to the
test section. This duct served three purposes: (1) the skewed boundary
layer that would develop in the two-dimensional contraction (ref. 25) was
bled off at the entrance to the duct; (2) two-dimensional boundary layers
of various thicknesses were developed along the 0.61-m length of the duct;
and (3) the potential flow was permitted to develop upstream of the test
section without being influenced by the pressure field at the exit of the
contraction.

The boundary-layer thickness at the test-section inlet was varied by
adjusting the openings of the bleed slots. These slots were 9.5 mm wide and
inclined 30° from the tunnel surface. They were located on all four surfaces
at distances of 0.025, 0.432 and 0.546 m from the contraction exit. Adjustable
covers, on the outside of the tunnel, permitted control of the bleed rates.
In addition to these bleed slots, additional slots were located on the
surfaces between the test-section leading edge and the approach duct. The
purpose of these latter slots was to bleed off the boundary layer that
would have developed downstream of the last slot and could have caused a
recirculation region at the leading edges of the test section. These slots
also minimized the leading-edge horseshoe vortices at the junction of the
test-section leading edge and the endwall. This important point will be
discussed in greater detail in the description of the test section.



The flow from the test-section appfoach duct passed through the test
section and was decelerated in a 2-m long diffuser. The exhaust from the
diffuser was recirculated to the fan inlet through flexible hoses. This was
done to minimize the amount of LDV seeding particles in the air surrounding
the wind tunnel.

The test-section inlet flow was measured in the planes of the test
section pitch (vertical) and span (horizontal) 0.46 m downstream of the
contraction. Both the total pressure and the velocity were measured using
Kiel probes and cylindrical hot-film sensors. These results, shown in
figure 2, indicate that the core flow was uniform to within one percent of
the centerline value for both the velocity and the pressure coefficient.

The slight variation of the velocity in the vertical plane was caused by

the influence of the test section. At the same location, the turbulent
characteristics were measured with a hot-wire sensor (4 um in diameter and
1.25 mm in length). The intensity of the longitudinal component of tur-
bulence, u'</U,, was 0.005 +0.0015. One of the lateral components of
turbulence was measured, and assuming the two lateral components were equal,
the total turbulence, v 1/3 (@'?2 + I'2 4+ G"Z;VUQ, was 0.007. The possible
attenuation of high-frequency energy due to the finite length of the sensor
and the effect of the filters used (20-10,000 Hz) were both investigated and
found to be negligible (refs. 26 and 27). The power-spectral density of the
longitudinal component of turbulence was measured (fig. 3) with a one-third
octave analyzer and was found to be in good agreement with the Liepmann
spectrum (ref. 28), indicating that the turbulence was in a normal state of
decay, that the wakes from the fan blades had been completely attenuated

and that the measurements were not influenced by vibrations of the hot-

wire support prongs. Using Taylor's hypothesis (ref. 28) the longitudinal
integral length scale was calculated from the auto-correlation of the signal
and found to be 52 mm.

Test Section

The turning-passage test section was approximately ten times larger than
typical first-stage turbine inlet-guide vanes for modern gas turbines. The
surface coordinates of the actual test section are listed im table 1 and
the surface shapes shown in figure 4. The test section was two-dimensional,
with a 508 mm span and a 210 mm pitch. The mid-span, wall, static-pressure
distribution was measured and compared to the pressure distribution for an
equivalent cascade potential flow. After adjusting the exit tail-boards and
the inlet bleed slot, excellent agreement was obtained between the measured
and calculated flow, as shown in figure 5.



The test section was a channel passage, rather than a cascade passage.
This permitted the boundary layers, which would impinge on the leading edges
of the test section, to be bled off, thus eliminating the intense vorticity
normally observed in this area (refs. 5 and 6). These vortices, sometimes
called horseshoe vortices, have an extreme effect on the endwall flow near
the leading edge, as can be inferred from the heat-transfer measurements of
Burbank and others (ref. 29). The vortices are then convected into the
passage, and, consequently, disturb the inlet flow uniformity (refs. 5 and 6).
Some specific studies have been conducted of these leading edge vortices
(refs. 30-35), but there is no method to predict the effect they would have
on the inlet flow; therefore, detailed measurements of the vortices would be
required as a starting condition for any calculation with leading-edge
vortices. To eliminate this problem and, also to study the isolated effect
of a passage vortex, the horseshoe vortex was suppressed in this experiment.
This was accomplished by bleeding off the boundary layers that would normally
impinge on the blade leading edges at the junction with the endwall.

Test Conditions

The experiment was conducted at a test-section Reynolds number, based on
the axial chord and the inlet velocity, of 4.6 x 105, which is typical of
sea-level, take-off conditions for modern gas-turbine engines. No attempt
was made to simulate compressibility effects; the maximum Mach number in the
test section was equal to 0.3. Standard air was used for the test fluid.

The experiment consisted of three different test conditions: "A", a thick
inlet boundary layer with a blade aspect ratio of 0.617; '"B", a thin inlet
boundary layer with a blade aspect ratio of 0.617; and "C", a thin inlet
boundary layer with a blade aspect ratio of 1.866. Comparison between flow
conditions "A" and "B'" shows the effect of inlet boundary-layer thickness
variation; while comparison between flow conditions "B" and '"C" shows the
effect of blade aspect ratio variation on the secondary flow.

The lower aspect ratio geometries were obtained by using splitter plates.
For condition "B'", the plate extended just upstream of the test section, while
for condition "A", the plate extended the full length of the test-section
approach duct, so that a thick boundary layer would be present on both end-
walls of the test section. The leading edge of the splitter plates was
approximately a four-to-one ellipse. Boundary-layer trip wires were used to
insure that the inlet boundary layers were fully turbulent.

The thin inlet boundary layers were generated using all three of the
bleed slots in the approach duct to remove the boundary layer that developed
in the duct. The last bleed slot was 64 mm upstream of the test section
inlet. Just downstream of this bleed slot, 50 mm from the test section, a
0.51-mm diameter wire was used to start a turbulent boundary layer. The



Reynolds number, based on the wire diameter, was 900, which more than
satisfied Preston's recommendation (ref. 36) that the Reynolds number exceeds
600 for a fully turbulent boundary layer. The distance from the wire to the
test section was more than the approximate 100 wire diameteérs needed for the
flow distortions, caused by the wire, to be completely diffused (ref. 37).

The thick inlet boundary layer was generated with the last two bleed slots
sealed and a 2.38-mm trip wire 530 mm upstream of the test section. Identical
trip wires were used at the same locations on the splitter plates, so that the
boundary layers at the test section inlet would be symmetrical about the
mid-span.

Measurements Obtained

The mean and fluctuation velocities were measured with hot-wire/hot-film
anemometers and laser-Doppler velocimetry (LDV) at a variety of locatioms in
the test section. Velocity profiles were measured normal to the test-section
endwall at twelve locations, defined by the intersections of four equi-poten-
tial planes with three streamlines, based on the equivalent cascade potential
flow. The streamlines represented the 20, 50 and 80 percent mass-flow lines;
the equi-potential planes extended from just inside the passage to the passage
throat. These positions are shown in figure 6 and also given in table 2. Aside
from referring to the measurement positions by numbers, it is helpful to number
the measurement planes as is shown in figure 6.

Before discussing the particular measurements that were acquired, it is
appropriate to define the coordinate system and the associated velocity com-
ponents. The x-axis and the velocity component U were in the direction of
the undisturbed core flow. The y-axis and the velocity component V were par-
allel to the plane of the endwall, from the pressure to the suction surface,
and perpendicular to the x-axis. The z-axis and the velocity component W
were perpendicular to the endwall in the direction from the endwall to the
mid-span.

Of the three flow conditions to be tested, flow condition "A" with its
thick inlet boundary layer was expected to produce the most clearly defined
passage vortex. It was therefore chosen to be the most completely documented
flow condition. At three locations along the inlet plane, the mean velocity
components parallel to the endwall and the longitudinal turbulence were
measured. Inside the blade passage, positions 4 through 12 in figure 6,
measurements were made of the three components of mean velocity and the six
turbulent stresses. Flow condition "B" differed from condition "A" in that
the inlet boundary layer was thinner. For case "B" inlet mean velocities
parallel to the endwall were measured, and farther inside the passage, at two
locations near the blade suction surface, detailed mean-flow and turbulence



data were taken. Flow condition "C" was a thin inlet boundary-layer and a
high aspect-ratio case. Data taken for this case consisted of inlet-flow
mean-velocity measurements, limited mean-velocity and turbulence information
away from the blade suction surface, and detailed flow measurements at two
locations near the blade suction surface. Details of the overall test-data
matrix, for the three flow conditions, are given in table 3.

Other measurements obtained included those of the inlet core flow and
the passage pressure distribution. Two boundary-layer measurements were also
obtained for flow condition "A" at the intersection of the first equi-poten-
tial plane and the mid-span vane surfaces.

Instrumentation

General

The usefulness of laser-Doppler velocimetry (LDV) for the measurement of
secondary and recirculating flows has been recognized for some time. One
important feature of this method is the elimination of an intrusive sensor
which can be critical in these types of flows (ref. 38). An additional advan-
tage of LDV is the precision that is possible with an instrument that requires
no calibration. Since cross flows that deviate only a few degrees from an
inviscid flow can result in significant secondary-flow effects, this preci-
sion may well be necessary for secondary-flow measurements.

The actual measurement made in an LDV system is the measurement of the
period of a Doppler signal. The measurement of time is one of the easiest
and most precise measurements that can be made in a general laboratory. The
challenge in using an LDV is, therefore, in designing a system free from
biasing effects due to seeding or signal processing. There has been intense
research on these topics, and methods to eliminate biasing, as well as general
applications of LDV, have been presented at symposia (refs. 39-43), and more
recently, published in book form (refs. 44-45). Because of these numerous
publications no general discussion of LDV systems will be included in this
report; the systems used will only be defined to the extent that the reader
could reproduce the results.

The mean and fluctuating velocity components, in the x-y plane, parallel
to the endwall (U, V, E‘z, v'2 and T'v") were measured with a backscatter
system. This optical system is schematically illustrated in figure 7. A
245-mm focal length lens was used to focus the beams that were originally
50 mm apart. The total angle between the beams was, therefore, 11.67°.

This resulted in a focal volume 1.26 mm long and 0,13 mm in diameter, based

10



on the locations at which the light intensity is equal to e~2 times the
intensity on the beam centerline. The laser was operated at the 0,.5145-um
wavelength and at power levels near one watt for the entire experiment.

Off~axis collection was used for the measurement of velocity components
normal to the endwall (W, w'2 and u'w'), as is shown schematically in figure 8.
For these measurements the transmitting and collecting lenses had focal lengths
of 752 and 245 mm. The focal volume was considerably smaller for this arrange-
ment that for the backscatter system, because the collecting optics only
focused on a small section of the volume defined by the transmitting beams.

The approximate dimensions were 0.32 mm length and 0.39 mm diameter. A
Bragg cell was used to increase the frequency of one of the transmitting
beams by 40 MHz. This was done to eliminate directional ambiguity, as well
as to increase the number of cycles of the Doppler signal.

One additional optical arrangement was required to measure v'w'. This
arrangement was similar to that shown in figure 8, except that the transmitting
optics were at 450 to the pressure surface. This permitted the measurement of
V'2 + VW' + %w'2, from which V'w' could be derived.

The general system, including the data processing equipment, is shown
schematically in figure 9. When the Bragg cell was used, the Doppler signals
were shifted to a lower frequency, which was more practical for signal process-
ing. Whether or not the signal had been shifted, the Doppler signal was
filtered and amplified in the processor. This removed both the pedestal and
noise. The filtered signal was then viewed on an oscilloscope, with the
trigger level adjusted to select the Doppler signals that would be analyzed.
When a Doppler signal triggered the oscilloscope, the Schmitt trigger output
from the oscilloscope was used to start the digital processing of the current
signal. This processing consisted of digitizing the Doppler signal and then
using a 100 MHz and a 125 MHz clock to count the periods of four, five and
eight zero crossings. For validation of the signal the ratios of these
periods had to be within a prescribed fraction, typically 0.8 percent, of the
expected value. An additional requirement was that the peak voltages between
zero crossings must have exceeded a certain value for the next zero crossing
to be counted. This voltage was adjusted while viewing the clipped digital
signal, which operated the clocks, on another oscilloscope. These require-
ments for validation of the data eliminated essentially all of the spurious
signals such as those that would be generated by multiple particles in the
focal volume.

A peripheral system transferred valid data from the processor to the
computer and then reset the processor. After a thousand velocity samples
had been collected by the computer, a probability distribution of the veloc-
ity was plotted on the CRT display terminal. Before calculating the mean



and the variance of the velocity, data that were inconsistent with the
overall probability distribution were rejected. Although this editing sel-
dom resulted in the rejection of more than twenty or thirty samples, it was
necessary since the anomalous data could be in the opposite end of the data
bandwidth from the actual data. This could result in significant biasing
of the velocity variance.

LDV Seeding

When LDV measurements are obtained in air, artificial seeding particles
are normally required to obtain a high data rate. If these particles are
sufficiently small and of low density their velocities will closely match the
fluid velocity. However, as the particle size or density increases, the
tendency of the particles to follow the flow decreases. Therefore, careful
attention must be directed to the seeding problem. This is especially true in
turbulent flows where the particles must follow the individual eddies, as well

as the mean flow.

Several theoretical studies have been conducted on the response of a
seeding particle to a turbulent eddy. These studies are summarized in ref-
erence 46 along with many practical suggestions for LDV applications. Based
on those results, it was determined that sub-micron particles were required
for this experiment. Merely obtaining small particles, however, is by no
means the complete solution to the seeding problem. A further difficulty
arises because the bonding forces of sub-micron particles are such that they
are rarely found as single particles. Hence, de-agglomeration of the particles
is of major importance. Particles are usually dispersed by passing compressed
air through a fluidized bed containing the seeding material, but Marteney
(ref. 47) has pointed out that this method seldom has the necessary energy to
overcome the agglomeration forces. Marteney found that the shearing stresses
in a capillary tube with a large pressure drop would provide the required
energy to de-agglomerate sub-micron particles. It was also mentioned in this
study that one of the forces of agglomeration is the capillary junctions
between liquids absorbed on the surface of the particles; therefore, dry air
should be used for the particle seeding.

A seeding system was therefore designed incorporating the above informa-
tion. Titanium dioxjde particles were used because of their small diameter,
0.22 um, and the uniformity of their size. Dry compressed air was used in a
fluidized bed to obtain a suspension of the particles. The air-particle
mixture was then passed through a capillary tube 0.5 mm in diameter and 25 mm
in length. The pressure drop through the tube was approximately 1.4 x 105
pascals. The flow from the capillary tube entered the wind tunnel upstream
of the honeycomb with the jet normal to the wind tunnel wall. No direct
measurements of de-agglomerated particle size were obtained, but there were
several facts that indicate that the particles followed the flow. For flow
condition "A", measurements of the longitudinal turbulence were obtained for
the boundary-layer inlet profiles using both hot wire and LDV. The



similarity of these measurements indicated that the seeding particles
followed the turbulent eddies. Before the seeding system was completely
developed, and large seeding particles were present, they would appear at
the pressure surface and cause the velocity probability distribution to
skew toward the low velocity direction. This was the result of the larger
particles not accelerating through the passage. This effect was eliminated
when the final seeding system was developed.

From Marteney's results the seeding particles should have been single
particles, approximately 0.2-um. Melling and Whitelaw (ref. 46) have shown
that the general equation for the response of a particle in a fluctuating
flow can be greatly simplified if o_/p_ » 10 and the Stokes Number
(Ng = v v/fdpz) is greater than 8. "These assumptions are satisfied for the
titanium dioxide particles, since p_/p = 3.5 x 10° and N_ > 8 implies
f < 6 MHiz. Therefore the following siﬁplified equation governs the particle
response

dUu vof
_P 4+ 18 (U -U)=0
dt dzop p f

the solution of the above equation is

1/2
_P=(1+ 1/X)
Ut 2 .2
18x
where s
X =
p /P
£

For a frequency of 10,000 Hz, which is adequate for the inlet boundary layers,
x = 32700 and Up/Uf = 0.99998.

Precision

This experiment required the measurement of all the individual turbulent
stresses, both shearing and normal. These quantities could be obtained from
six orthogonal measurements, but this technique would require that all of
the six measurements for a particular location would have to be obtained be--
fore one could analyze the results. Since it was felt to be more desirable
to completely analyze data as soon as possible, it was decided to measure an
additional mean and turbulence measurement in the plane of the endwall. This
uncoupled the term u'? + v'2; it also provided a redundant mean measurement
that could be used for comparison with the other mean measurements.
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For one test case, flow condition "C", position 10, an extensive amount
of data were obtained to determine the precision of the system and to estab-
lish the user's confidence. This was at the beginning of the program, flow
condition "C" being the first measured. Velocity components were measured in
three directions, horizontal, U;, vertical, Uy, and 45° from the vertical
and horizontal, U;. To insure the steadiness of the wind tunnel operation,
the following procedure was carried out. Traverses were initiated at a loca-
tion 25 mm from the endwall and traversed toward the wall. When the limiting
location near the wall was reached the direction of the traverse was reversed
and data were obtained to 70-mm from the endwall. Finally, the last data
point would be obtained at the 25-mm location. The results of all these
measurements are shown in figure 10. The exceptionally low scatter is worth
noting.

To obtain insight into the flow, it is most useful to resolve these
velocity components into longitudinal (streamwise) and lateral velocities.
The first step in doing this is to define the longitudinal direction. The
most useful definition is to choose the direction of the core-flow stream-
lines. This ensures that the lateral velocities (V and W) do indeed represent
secondary circulation resulting from the presence of longitudinal vorticity.
Requiring the core flow to have no lateral velocity, measurements of veloc-
ities Uy, U2 and U, can be resolved into longitudinal (U) and lateral (V)
velocities using the following equations and the related sketch:

U= Ul cos 8 + U2 sin ©

Uz
vV = -Ul sin 6 + U2 cos ©
Us
U = Ul (cos & - sin B) + U3 sin 6/sin 45°
V = =U; (cos 6 + sin 8) + Uy cos 6/sin 45°
1 3 45°
o v
U = U2 (sin 6 - cos 8) + Uy cos 8/cos 45 v //
Uq g

V=0, (cos 6 - sin 8) - U3 sin 6/cos 45°

The angle 6 was determined by the condition of zero lateral velocity

in the core flow.

The resulting longitudinal and lateral velocities are shown in figure 11,
where the circles indicate velocities obtained from U; and U,, the squares
from U; and U3 and the triangles from U; and Uj. The Ul’ U, and U3 velocities
that were used, were based on the smooth curves drawn through the data points
in figure 10. The small variation in these measurements showed that there
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was no biasing effect such as that observed by Seashultz (ref. 48) and
Whiffen (ref. 49). With the exception of the measurement closest to the
wall, where the reflected beam interfered with the scattered light to
produce a poor signal-to—noise ratio, the variation in the measurement was
generally less than one percent. The core-flow total velocities measured by
the three different methods were 92.01, 92.10 and 92.06 m/s, and the
velocity angles were 60.60°, 60.63° and 60.54°.

It is instructive to compare the precision of the LDV measurements with
that of a hot-wire anemometer. A typical hot-wire calibration curve is
shown in figure 12, where a least-mean~square curve has been fitted to the
data. Although this appears to be an excellent fit, the maximum deviation of
the data from the calibration curve corresponded to an error of 0.9 percent
in velocity. This by itself is somewhat larger than the LDV scatter, and,
in addition, it should be emphasized that this would be expected to be only
a small portion of the total hot-wire error since it is well known that cali-
bration curves continually change with time (ref., 50). It is, therefore,
unlikely that the lateral velocities shown in figure 11 could be measured with
hot-wire anemometry.

LDV Background Turbulence Levels

During the preliminary LDV measurements in the test section, it was noted
that the turbulence levels were somewhat higher than those obtained with hot-
wire anemometers. An investigation of this effect was conducted in an
extremely low-turbulence one-inch diameter jet. It was learned that the LDV
system had a background noise level whose variance was approximately one
percent of the mean velocity being measured. When only a component of the
total velocity was measured, the noise level was approximately one percent of
the measured component. This result was found to be relatively independent
of the jet velocity, the seeding rate and the trigger level of. the oscilloscope.
An attempt was made to isolate and reduce this noise level but it was
unsuccessful. When a continuous sine wave was used as input to the processor
the noise levels were near 0.1 percent, Apparently the noise was in the
photo-multiplier, which was interchanged without an effect, or a result of
the seeding, noise in the scattered light or laser noise.

Although this noise level was high in comparison with hot-wire anemometry,
it was not felt to be detrimental to the experiment, since turbulence levels
in the secondary flow were considerably higher than the LDV noise level.

While testing the noise level of the LDV a comparison was made of the
mean-velocity measurements obtained with the LDV and a total pressure probe.
These tests were conducted in air with jet velocities equivalent to dynamic
heads of 25 mm, or less, of water. Within the precision of the micro-manometer,
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which could resolve 0.025 mm of water, no difference in the velocity
measurements could be detected.

Hot-Wire and Hot-Film Anemometry

Although hot-wire/hot-film anemometry has the limitations in measure-
ment accuracy mentioned previously, it also has several advantages relative
to LDV. The most important of these advantages is their high spatial resol-
ution in comparison with conventional LDV systems. In two-dimensional flows
a hot wire's spatial resolution is dependent on the wire diameter, which
can be as low as 4 um. In general, conventional LDV systems have focal
volumes with dimensions in millimeters. Other advantages of hot-wire
anemometry are low noise levels and rapid data acquisition.

Hot-wire/hot-film anemometry was used to measure the inlet boundary
layers to the test section because of their high spatial resolution. For
the thin inlet boundary-layer cases hot-film sensors, 152 pm in diameter
and 2.0 mm long, were used. The sensors were aligned perpendicular to the
core flow and were also rotated ¥ 45° to determine the lateral velocity with-
in the boundary layers. No lateral velocity could be detected using this
method. For the thick inlet boundary layer case a combination of LDV and
hot wires were used to exploit the best features of each instrument. Since
the boundary layer was large compared to the LDV focal volume, the LDV was
used to measure the longitudinal and lateral velocity and the longitudinal
turbulence at the outer portion of the boundary layer. Hot-wires were used
to measure the longitudinal velocity and turbulence to positions much closer
to the wall. Excellent agreement was obtained between these measurements
(see section on results). During these last hot-wire measurements the
auto-correlation of the signal was obtained at several locations through the
boundary layer to ensure that spurious signals had been eliminated.
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RESULTS AND DISCUSSION

Flow Condition "A"

Mean Measurements

As shown in figure 13, the endwall shear layer was somewhat thicker at
the center of the passage than near the vane surfaces. For example, at the
first equi-potential plane of measurements the center portion of the shear
layer (position 2) was approximately 15 mm thick at the location where the
velocity was equal to 0.95 of the core-flow velocity. Near the suction and
pressure surfaces (positions 1 and 3) the shear-layer thicknesses were
approximately 9 and 7 mm. These velocity profiles, as well as the fluctuating
longitudinal velocities, were measured with both hot-wire anemometry and
laser-Doppler velocimetry. At positions 1 and 2 the velocity profiles
resembled a two-dimensional accelerating boundary layer, but at position 3
there was some distortion of the flow, with a local maximum and minimum in the
fluctuating velocities.

Some insight to the flow at this plane can be obtained from the lateral
velocity distribution within the endwall shear layer, shown in the upper por-
tion of figure 1l4. These measurements of the lateral velocity, V, parallel
to the plane of the endwall were obtained with the LDV. Positive lateral
velocity indicates flow from the pressure toward the suction surface. These
results indicate the possible presence of local vortices near positions 1 and
3 and a strong cross flow, from the pressure toward the suction surface, at
position 2. The lateral velocities at positions 1 and 3 were weak in compari-
son with the secondary flow that developed downstream in the passage. They
could, however, have a local influence on the shear layers, convecting low-
velocity, highly-turbulent fluid from the near-wall region to locations far
from the wall and vice versa.

This distortion of the shear layer at the first measurement plane may
have been due to the contraction of the flow that has taken place between the
test-section approach duct and the first measurement plane. Such a contraction
could have distorted the boundary layer (ref. 25) causing secondary flow.

The individual velocity component measurements for positions 4 through 12
are shown in figures Al through A9 of Appendix A. From these individual
measurements, plots of the longitudinal and lateral velocities were made for
each plane of measurements. The longitudinal velocities, shown as contour
plots in figure 15, were nondimensionalized using the local core-flow velocity.
This was done so that the core-flow velocity variations across the passage,
from the pressure to the suction surface, would not dominate the figure.
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Hence, only the local velocity defect of the longitudinal component is showm
in figure 15. The four planes of measurements, progressing from the top to
the bottom of the figure correspond to the measurement planes through the
passage, as shown in figure 6. The vertical scale of the individual plots in
figure 15 represents the distance from the pressure to the suction surface.
The lateral velocities for the same locations were treated in a similar
fashion and are shown in figure 16. These lateral velocities were non-
dimensionalized by the test-section inlet velocity. Note that the scales are
different for each of the four portions of this figure.

In combination, figures 15 and 16 show the inlet boundary layer as it
developed into a passage vortex. At equi-potential plane 1, the variation of
the boundary layer thickness across the pitch is shown in figure 15, while
figure 16 shows a lateral velocity toward the suction surface near the mid-
pitch location. Closer to the vane surfaces, the lateral velocity was weaker.
At the downstream locations, planes 2, 3 and 4, figure 15 shows a trend of low-
velocity fluid accumulating near the suction surface-endwall corner (the
upper left-hand corner of the plots). It should also be noted that the over-
all extent of the low-velocity region decreased with downstream location. This
effect may have been due to the acceleration of the core flow through the
passage, which would have had a greater influence on the low-velocity fluid.

In figure 16, the lateral velocities show that the passage vortex grad-
ually developed as the flow was turned through the passage (the flow angles
of the core flow are included in Appendix B). At the first equi-potential
plane only a weak cross-passage flow existed. In the second plane of
figure 16 a passage vortex has started to form. The flow at the near mid-
pitch location was generally toward the suction surface, as in plane 1, but
farther from the endwall the flow has developed lateral velocities in the
sense of a clockwise passage vortex. Near the pressure surface the lateral
velocity was toward the endwall; near the pressure surface it was toward mid-
span. At planes 3 and 4 the lateral velocity continued to develop into a
longitudinal vortex. The measurements at plane 4 show that the passage vortex
extended from one vane surface to the other and was centered approximately
halfway between the surfaces, 12 to 15 mm from the endwall.

In the suction surface-endwall corner of planes 3 and 4 there appeared to
be a complicated flow pattern that may have been due to a counter-rotating
vortex. Additional evidence of this is shown in figures A4 and A7 of Appendix
A, where the lateral velocity V had an unusual distribution in comparison to
the measurements at the other locations. Aside from this corner region, the
general lateral flow field was of a relatively simple nature, appearing similar
to a concentrated vortex. This was in contrast to the measurements obtained
by Langston, Nice and Hooper (ref. 6) of the secondary flow in a rotor cascade.
They observed a longitudinal vortex that was considerably smaller than the
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passage width. 1In their passage, the vortex developed on the endwall and was
convected toward the suction surface. As it approached the suction surface,
it was convected toward the center of the span. This type of vortex motion
is somewhat similar to that of a potential vortex near a corner (ref. 51).

The reason for the smaller, localized vortex, observed in ref. 6, is not
completely clear. For both experiments the ratio of the inlet boundary-
layer thickness to the passage pitch was near 0.12. However, the degree of
turning and the acceleration are quite different in the two experiments and
these two parameters should have a strong influence on the extent of the
longitudinal vortex within the passage. The difference in the size of the
vortices in the two experiments may, therefore, be related to differences
in the turning angle and the acceleration of the flow. ZLangston, Nice and
Hooper's rotor cascade turned the flow 107°, while accelerating it to 1.6
times the inlet velocity. 1In this study the flow was turned only 72°, but
accelerated to 3.24 times the inlet velocity.

It could be hypothesized that this difference is due to the presence of
horseshoe vortices in Langston, Nice and Hooper's experiment and the
absences of them in this experiment. However, in a test section similar to
this one, except for a lower Reynolds number and the presence of horseshoe
vortices, Marchal and Sieverding (ref. 52) observed a concentration of lateral
velocities similar to that found in this study. These results, in comparison
with Langston, Nice and Hooper's, are shown in figure 17. This figure shows
a passage vortex centered halfway between the suction and pressure surface in
a turbine inlet-guide vane, but concentrated near the suction surface-endwall
region in a turbine rotor blade. These results indicate that the region of
the pressure surface, near the endwall, may not be a two-dimensional flow for
a turbine inlet-guide vane, with thick endwall boundary layers, even though
this may be the case for a turbine rotor blade.

Another observation that can be drawn from figures 15 through 17 is that
the secondary flow extends further from the endwall than the region of
longitudinal low-velocity fluid.

In addition to the above mentioned measurements, the boundary layers were
measured at the intersections of the first equi-potential plane and the mid-
span vane surfaces. These locations are shown as positions 13 and 14 in
figure 6. The measurements of figure 18 show that this region of the inlet
flow was free from abnormal effects. Additional measurements were also made
of the endwall boundary layer at the first equi-potential plane. These
measurements were intended to provide a refined initial condition for compu-
tational procedures and were therefore more closely spaced near the vane sur-
faces where the flow was more complicated. These results are included in
Appendix B.
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Turbulence Measurements

Measurements of the turbulence within the passage vortex was one of the
principal problems this experiment was intended to address. No information
exists concerning the turbulent stresses within a passage vortex. Since the
turbulent stresses at a particular location are dependent on the upstream
flow history, as well as local diffusion, production and dissipation, it is
difficult to estimate the qualitative nature of the turbulence in the vane-
passage exit plane, let alone infer the quantitative distribution of the
turbulent stresses. A turbulence model that includes these effects will have
empirical constants as a result of the scaling law arguments used to simplify
the turbulence model. The only practical method by which these simplifica-
tions can be tested and the empirical constants evaluated is through com-
parisons with experimental results.

To address the above problem, for the flow in a turbine inlet-~guide
vane passage, the turbulent stresses were measured at the same locations as
the mean velocities (see figure 6). At the first measurement plane of figure
6 only the longitudinal normal stress was measured. These results were shown
in figure 13, with the data for the mean measurements. The data indicated
there was no abnormal behavior for accelerating boundary layers. The inflec-
tion of the turbulent stress distribution near the pressure surface (position
3) was attributed to localized vorticity generated by contracting the flow at
the entrance of the test section. At the downstream measurement locations
(positions 4 through 12) all six turbulent stresses were measured for this
flow condition. The results are shown in figures 19 through 36 as normalized
stresses, based on the local core-flow velocity, versus distance from the
endwall.

At the second equi-potential plane (positions 4, 5 and 6) the turbulent
structure of the outer portion of the boundary layer was still similar to
that of a two-dimensional boundary layer. This can be seen by comparing
these results to Klebanoff's data (ref. 53) for a flat-plate, zero-pressure
gradient boundary layer, At positions 4 and 5 the mean velocities (figures
Al and A2 of Appendix A) and turbulent stresses (figures 19 through 22) were
measured to within 5 mm from the endwall. The following table compared these
measurements (the notation of Klebanoff has been converted to the notation of
this study).
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Klebanoff Position 4 Position 5

z/8 0.62 0.16 0.16
U/Us 0.92 0.92 0.92
—_—
vi'2/u, 0.05 0.035 0.040
Vv'2/U, 0.04 0.030 0.032
V2o, 0.03 0.022 0.022
Zutw' ul 6x10™% 4x10~4 4x10™%

Except for the non-dimensional distance from the wall, the differences
between these measurements were well within the uncertainties associated with
turbulence measurements.

A similar comparison can be made of the near-wall data at position 6.
The mean velocity of figure A3 (Appendix A) and the turbulent stresses of
figures 23 and 24 are shown below.

Klebanoff Position 6
Z2/8 0.87 0.25
U/, 0.97 0.97

vy a2/, 0.026 0.025
/5 2)u., 0.020 0.020
/9% Ve 0.022 0.037

=4 4

—aw' /U2 3x10 2x10~

The variation of the non-dimensional distance from the wall is believed
due to the acceleration of the flow. In the present study, this would have
the effect of energizing the inner portion of the shear layer and causing a
particular velocity ratio to occur closer to the wall for an accelerated shear
layer than for a zero-pressure gradient boundary layer.

It should be noted that ;:T;T/Ug was essentially zero at the above three
locations (see figures 19, 21 and 23) as would EELExpscted for a two-dimension-
al boundary layer. Because the measurement of v'w'/U_ had a high degree of
uncertainty it was not analyzed here. This uncertainty was due to the measure-
ment technique required for v'w'/U, as discussed below.
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To measure v'w'/Uz the laser beams were transmitted through the pressure
surface at 45° inclination to the endwall surface. This permitted the measure-
ment of_y'z +v'w' + w'2, from whigh v'w'/Ui was obtained after subtraction of
v'_and w'". The measurement of v' was based on three other_measugements and
w'" on five other measurements, so that the uncertainty for v'w'/UOD was con-
siderably higher than that for the other turbulent stress,measurements. This
uncertainty was estimated to be about 2 x 1073 for v'w'/U_._ An example of
this uncertainty is shown in figure 20 (position 5), where v'w'/U~ was equal
to 2 x 1073 in the core flow. ”

At equi-potential plane 3, figures 25 through 30 show that the similarity
of the turbulence with fwo-dimensional boundary layers has ceased. The
shearing stress -u'w'/U_ was no longer related to the normal stresses as for
a flat-plate boundary layer. 1In particular, figure 25 shqws that, near the
suction surface (position 7), the shearing stress —u'v'/Ua° had developed
a characteristic oscillation that may have been related to the mean velocity
distribution of the lateral component V at the same location. This mean
velocity distribution is shown in the center portion of figure A4 of Appendix
A. It is hypothesized that these results were due to the presence of a
counter-rotating vortex near the suction surface-endwall region. Such a
vortex could have produced the high velocity gradients of figure A4, which
could have produced a high turbulent shearing stress.

Near the pressure surface (position 9) figures 29 and 30 show a decrease
in the near-wall turbulence when compared with the suction surface location
(figures 25 and 26). This could have been expected from the mean velocity
results of figure 15. At equi-potential plane 3, this figure shows that the
low-velocity fluid had accumulated near the suction surface, resulting in a
thinner shear layer near the pressure surface.

Figures 31 through 36 show that the trends noted in plane 3 continued at
plane 4 (positions 10, 11 and 12). The turbulent stresses were significantly
higher near the suction surface than at the pressure surface. For example,
compare the results near the suction surface (figures 31 and 32) with the
results near the pressure surface (figures 35 and 36). Again, this increased
level of turbulence near the suction surface could have been anticipated
based on the mean velocities of figure 15.

Near the suction surface (position 10) figure 31 shows the presence of
a distinctive oscillation of the shearing stress -u'v' near the endwall. As
noted for position 7, this distribution of the shearing stress seemed to be
related to the lateral mean velocity V, as shown in the center portion of

figure A7.
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It should be noted that the maximum, non-dimensionalized normal stress
measured in plane 4 was about 0.04. This value was measured near the suction
surface (position 10) and is shown in figure 31.

In summary, although the passage vortex was generated by highly-turbulent,
low-velocity fluid from the endwall region, this experiment has shown that this
high turbulence did not exist in the passage vortex. 1In fact, large regions
of the passage vortex were shown to be non-turbulent flow.

Flow Condition "C"

Mean Measurements

The test arrangement for flow condition "C" consisted of a thin inlet
boundary layer and the high aspect ratio test section. Figure 37 shows
that the boundary layers were 2 to 2.5 mm thick, based on the location at
which U/U_ = 0.95, at the first measurement plane (positions 1, 2 and 3).
This is considerably thinner than the 10 to 15 mm thick boundary layers
measured for flow condition "A" (figure 13). The above measurements were
obtained with hot-film sensors, but at position 2 the boundary layer was
also measured with a hot-wire sensor, to obtain higher spatial resolution.
This measurement, shown in figure 38, included the mean and fluctuating
longitudinal velocity. The comparison of the results with Klebanoff's data
(ref. 53), also plotted in the figure, shows the expected effect of accelera-
tion on a boundary layer, that is, an increase in the near-wall mean velocity
and a decrease in the near-wall turbulence intensity.

Measurements at equi-potential planes 2, 3 and 4 were treated the same
as those for flow condition "A", except that only one lateral component, V,
of the mean velocity was measured. The individual measurements are included
in Appendix A, figs. A10 through Al18, while the reduced lateral and longi-
tudinal velocities are shown for each plane in figures 39 and 40.

Figure 39 shows a rapid thickening of the boundary layer between the
first and second planes. Figure 40 shows a lateral velocity toward the suc-
tion surface at the second plane, except near the suction surface where the
lateral velocities indicate the possible presence of a weak counter-rotating
vortex. This is similar to the results for flow condition "A", shown in
figure 16. Note that the scales are different in figures 16 and 40 for both
the velocity vector and distance from the endwall.

At the third equi-potential plane, figure 40 shows a passage vortex in

the suction surface-endwall region. There was also an accumulation of low-
momentum fluid at this location, as shown in figure 39. At mid-passage and
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near the pressure surface locations there was a general cross-channel flow
toward the suction surface (figure 40), and a thinning of the low-velocity
region (figure 39). At the passage throat, equi-potential plane 4, the
low-momentum fluid was concentrated near the suction surface (figure 39),
extending approximately 12 mm from the endwall. Near the pressure surface
there is only slight evidence of low-momentum fluid. This effect was more
noticable in figures Al6, Al7 and Al8 than in figure 39.

As also noted for flow condition A, figures 39 and 40 show that at the
exit plane (plane 4) significant lateral velocities existed in regions with
no velocity defect.

Due to the difference in the boundary-layer thicknesses at the first
equi-potential plane for flow conditions "A" (fig. 13) and "C" (fig. 37) a
significant difference in the exit flow was observed (compare figures 15 and
39 and figures 16 and 40). For flow condition ''C" the passage vortex was
located in the suction surface-endwall region, having little influence near
the pressure surface. This is in contrast to flow condition "A" in which
the passage vortex appeared to be centered halfway between the pressure and
suction surfaces and farther from the endwall.

Since the inlet shear layer for flow condition "C" was produced with a
0.5]—mm trip wire located 50 mm upstream of the vane leading edges, one can
infer that most of the low-velocity fluid in the passage exit was generated
within the test section, rather than being convected through the pasaage.
This would also suggest that an inlet-guide-vane passage with no inlet shear
flow would still have a significant amount of secondary flow at the exit of
the passage.

Turbulence Measurements

The turbulence data (figures 41 through 51) provide little insight into
understanding this flow since the spatial resolution was poor in this case,
in comparison with flow condition "A'". The most interesting regions of the
flow were within 5 mm of the endwall, which was beyond the limits of the LDV.
At the second measurement plane (figures 41-43) and near the suction surface
at the third and fourth planes (figures 44, 45, 48 and 49) the non-dimensional
ized turbulent normal stresses were found to be generally between 0.02 and
0.03 near the endwall with a decrease to core-flow values within 10 or 15 mm
of the endwall. Near the pressure surface and at mid-span in planes 3 and 4
(figures 46, 47, 50 and 51) there was little evidence of turbulent flow to
within 5 mm of the endwall. This was especially so at positions 11 and 12,
as shown in figures 50 and 51. This is in agreement with the mean measure-
ments (fig. 39) which show an accumulation of the low-momentum fluid near the
suction surface.
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Flow Conditions "'B"

Condition "B" was nearly identical to condition "C" except that the
span to axial chord ratio was decreased from 1.866 to 0.617, a factor
of approximately three. The isolated effect of blade aspect ratio variation
can be observed by comparing the results of flow conditions "B'" and "C". The
inlet boundary layers were essentially identical for the two cases, as can
be seen by comparing figure 52 with figure 37. These figures show the
mean-velocity profiles of the endwall boundary layers at the first equi-
potential plane. The locations at which U/U°° = 0,95 varies from 2.0 to 2.5
mm from the endwall for all cases except position 1, condition "B'", where it
occurs at 1.0 mm from the endwall. This slight difference in the boundary-
layer thickness is not understood, but is not believed to have an important
effect on the downstream passage flow. For these thin inlet boundary-layer
cases, most of the passage vorticity is believed to be generated within the
passage. This results since the boundary layers entering the passage were
quite thin, having been initiated by trip wires only 0.51 mm in diameter, 50
mm upstream of the test-section leading edge. Therefore, for thin boundary
layers, the passage flow should be independent of small variations in the
inlet boundary layers and comparison of the above conditions should show the
isolated effect of variable span on the passage secondary flow.

A direct comparison of the three mean-velocity components is possible
for downstream, near-suction surface location, positions 7 and 10, as shown
in figures 53 and 54. In both of these figures the results for condition
"B" are shown on the left side and condition '"C" on the right side. At both
locations the figures show a stronger secondary flow, lateral component V,
and an altered longitudinal flow for condition "B". 1In fact, the lateral
velocity in the plane of the endwall was nearly twice the value for conditiomns
"B" as compared to condition "C". Also, the passage vortex appeared to be
closer to the endwall for condition "B", as inferred from the location where
V equaled zero. The velocities normal to the endwall, W, were insignificantly
small in comparison to the other lateral component, and almost identical for
the two cases. The longitudinal component had less of a velocity defect
for condition "B", but this may have been a result of the passage vortex being
centered at a different location for the two cases.

The turbulent stresses measured at positions 7 and 10 were essentially
identical for the two cases, as can be seen by comparing figures 55 through 58
with figures 44, 45, 48 and 49.

Two possible mechanisms exist for altering the secondary flow through a
change in the passage aspect ratio. The first is blockage due to the low-veloc-
ity shear layer next to the endwall. However, using the more complete measure-
ments for flow condition "C", the blockage effect was estimated and found to
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be insignificant for the two aspect ratios considered in this study. This
estimate was based on the assumption that the displacement thicknesses of the
endwall shear layers were 2.5 mm at plane 1 and 5 mm at plane 4. From the
results shown in figure 39 these would be conservative estimates. Since the
test-section spans for the two cases were 168 and 508 mm, the acceleration of
the core flow, due to viscous blockage, would be approximately 1 and 3 percent.
The other possible mechanism, through which a change in the span could alter
the secondary flow, is induced vortex motion. Although it is impossible to
obtain quantitative estimates of this effect from the data obtained, by
modeling the flow as concentrated vortices and mirror images, it can be seen
that a change in the value of the induced velocities could result from changes
in aspect ratio. Although these velocities may be small, only a small change
in the location of the passage vortex would be necessary to cause a signifi-
cant change in the observed results, especially when the measurements are
obtained near the center of the passage vortex,

In summary, the quantitative features of the two flows were similar
with variations in the mean velocity. These variations could be the result
of a slight relocation of the passage vortex, which would preserve the global
features of the flow, but change the measurements obtained at selected loca-
tions near the suction surface.



CONCLUSIONS

Using laser-Doppler velocimetry techniques, a longitudinal vortex was
investigated in a turbine inlet-guide-~vane passage for one variation in
inlet endwall boundary-layer thickness and one variation in the blade
aspect ratio. For all three cases the horsehoe vortex was suppressed
in this experiment.

Maximum turbulence intensities within the longitudinal vortex were found
to be on the order of 2 to 4 percent. Large regions of the vortex were

non-turbulent. Since a turbulent wall boundary layer was the source of
vorticity that produced the passage vortex, these low turbulence levels

were not anticipated.

The lateral velocity fields, generated by the passage vortex, extended
significantly beyond the region of the longitudinal velocity defect.
This is in contrast to previous measurements obtained in a rotor cascade.

The primary effects of reducing the inlet endwall boundary-layer thick-
ness, by a factor of approximately five, were to reduce the maximum
lateral velocities, by a factor of approximately two, and to change the
spatial extent of the vortex. The apparent vortex was located closer
to the endwall, by a factor of approximately two.

The effect of changing blade aspect ratio by a factor of three was small.
Measured turbulent stresses were essentially identical for the two cases.
Observed changes in the mean velocity, at selected locations near the
suction surface, may have been caused by a difference in the location of
the passage vortex for the two cases.
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TABLE 1

TEST—-SECTION GEOMETRY

Axial chord = 272.29-mm
Pitch = 209.55-mm
Throat width =  61.51-mm
Leading-edge radius = 19.05-mm
Trailing-edge radius = 5.56-mm

AIRFOIL COORDINATES

Axial Distance Pressure Surface Suction Surface
(mmm ) (mm ) (nmm)
0.00 0.00 0.00
1.27 6.84 -6.84
2.54 9.50 -9.50
5.08 12.95 -12.95
7.62 15.24 -15.24

10.16 16.85 -16.8L
12.70 17.96 -17.96
25.4 21.08 -20.57
38.1 2L.38 -21.84
50.8 28.16 -22.75
63.5 32.51 -22.86
76.2 37.34 -22.35
88.9 Lo.67 -20.32
101.6 49,02 -17.02
114.3 56.64 -12.70
127.0 65.53 -7.11
139.7 75.69 0.00
152.4 88.39 9.40
165.1 102.36 21.84
177.8 111.62 37.3k
190.5 136.65 55.88
203.2 156.46 77.72
215.9 177.55 104.39
228.6 199.90 135.89
241.3 223.52 170.18
254.0 248.41 207.01
271.8 263.14 263.14




MEASUREMENT LOCATIONS

TABLE 2

Location x/Cx z/s x{(mm) z (mm)
1 0.106 -0.216 28.96 -45.21
2 0.122 -0.hka 33.27 -92.46
3 0.177 -0.676 k8.26 Fi41.73
L 0.367 -0.171 99.82 -35.81
5 .41k -0.321 112.78 -67.31
é 0.490 -0.47h 133.35 -99.31
7 0.605 0.013 164.85 2.79
z 0.663 -0.059 180.59 -12.45
] 0.735 -0.130 200.15 -27.18

10 0.757 0.272 205.99 56.90
11 0.817 0.233 222.50 u48.77
12 0.882 0.187 2Lko.28 39.12

Cy - axial chord
piteh

[ 20
i

axial distance from leading edge
tanpgential distance from leading edge

Ay Tt
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TABLE 3

MEASUREMENTS OBTAINED
FLOW CONDITIONS
A B [}
N
s 20% | 50% | 80% | 20% | 50% | 80% { 20% | s0% | 80%

1 JIr T T YA Y YA Y n 4
2 I I I o I I
3 I I I I I o I
4 I I I I I I I

¢= EQUI-POTENTIAL PLANES, FROM UPSTREAM TO
DOWNSTREAM (SEE FIG, 6 )

Y= STREAMLINE PLANES FOR PERCENT MASS FLOW RATE,

MEASURED FROM SUCTION TO PRESSURE SURFACE

SYMBOL QUANTITIES MEASURED, INSTRUMENT USED

I UVW T’ 7'2,W'2, u'v,uw’ AND v'w LDV
I UV.T v CAND GV — LDV
m T2 a2

UV,AND T ~ —LDV;UANDT “—HW

—-— 2

ATA UANDT = —HW [V COULD NOT BE DETECTED)
hv4 U—HF (V COULD NOT BE DETECTED)
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APPENDIX A
Mean-Velocity Data
The individual mean velocity measurements for flow conditions "A" and

"C" are shown in this appendix. These data were used to construct the plots
in figures 15, 16, 39 and 4o.
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APPENDIX B
Additional Inlet-Flow Measurements

Complicated, three-dimensional flows are sensitive to initial flow
conditions. Because of this sensitivity, flows that are being studied for
comparison with computational procedures should have a well documented initial
condition. To provide such detailed documentation, additional measurements,
for flow condition "A", were obtained in the first equi-potential plane of
figure 6, at the locations listed in Table Bl. The results are shown as
longitudinal velocities (figure Bl) and lateral velocities parallel to the
endwall (figure B2) versus distance from the endwall. The data show that
there were no abnormal features in the flow.

To further assist the verification of computational procedures, the flow

angles and velocities of the core flow were measured for the twelve measure-
ments locations of figure 6. These results are shown in Table B2.
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TABLE B1

MEASUREMENT LOCATIONS

Location x/Cy z/s x (mm ) z (mm)
A 0.110 -0.130 29.97 -27.18
B 0.106 -0.162 28.96 ~34.04
1 0.106 -0.216 28.96 -45.21
o 0.105 -0.292 28.70 -61.21
2 0.122 -0.4h1 33.27 -92.46
D 0.152 -0.594 L1.4o -12L L6
3 0.177 -0.676 L48.26 -1hk1.73
E 0.197 -0.755 53.59 -158.24
F 0.211 -0.802 57.39 -167.62

X - axial distance from leading edge
z - tangential distance from leading edge
Cx - axial chord

pitch




=1

TABLE B2

FLOW ANGLE AND VELOCITY MEASURED 76-—-mm

FROM THE ENDWALL

ty/Inlet Velocity ™"

Position Flow .Ar'lgle* Local Veloci
1 -0° 5o
2 9° 56
3 16° 34
L 17° 8
5 26° T
6 35° 34

43° 271

48° 1Lt

9 54° 33"

10 60° 17"
11 60° 48"
12 61° 55

1.43
1.26
1.14

2.05

1.73
1.48

2.92
2.64
2.45

3.42
3.25
3.13

¥Flow angle measured clockwise from horizontal,

as viewed in Figure 6.

**Tnlet velocity denotes the far-upstream, undisturbed velocity,

approximately 29 m/sec.
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APPENDIX C

List of Symbols

Diameter (LDV seeding particles)
Power-spectral density

Frequency

Pressure-loss coefficient (AP/%QUZ)
2, %

Stokes number (v/fdp )
Pressure

Time

Velocity in directions x, y and 2z, respectively
(U and V are also used to designate total velocity)

Fluctuating component of above velocities
Spatial coordinate, in direction of core flow

Spatial coordinate, in direction from pressure to suction
surface

Spatial coordinate, in direction from endwall to midspan
Integral length scale of longitudinal turbulence
Kinematic viscosity

Boundary-layer thickness

Density

Subscripts
Centerline (such as test-section approach duct)

Fluid
Particle (LDV seeding)

Total (as in total pressure)

Reference condition, core flow or total velocity
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three components of the mean velocity and the six turbulent stresses at four planes within the
passage. One variation in the turbulent inlet boundary-layer thickness and one variation in the
blade aspect ratio (span/axial chord) were studied. A longitudinal vortex (passage vortex) was
clearly identified in the exit plane of the passage for the three test cases. The maximum turbu-
lence intensities within the longitudinal vortex were found to be on the order of 2 to 4 percent,
with large regions appearing nonturbulent. Since a turbulent wall boundary layer was the source
of vorticity that produced the passage vortex, these low turbulence levels were not anticipated.
For the three test cases studied, the lateral velocity field extended significantly beyond the re-
gion of the longitudinal velocity defect. Changing the inlet boundary-layer thickness produced a
difference in the location, the strength and the extent of the passage vortex. Changing the aspect
ratio of the blade passage had a measurable but less significant effect.
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